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In this work we have used micromagnetic simulations to report four ways to build traps for mag-
netic skyrmions. Magnetic defects have been modeled as local variations in the material parame-
ters, such as the exchange stiffness, saturation magnetization, magnetocrystalline anisotropy and
Dzyaloshinskii-Moriya constant. We observe both pinning (potential well) and scattering (potential
barrier) traps when tuning either a local increase or a local reduction for each one of these magnetic
properties. It is found that the skyrmion-defect aspect ratio is a crucial parameter to build traps for
skyrmions. In particular, the efficiency of the trap is compromised if the defect size is smaller than
the skyrmion size, because they interact weakly. On the other hand, if the defect size is larger than
the skyrmion diameter, the skyrmion-defect interaction becomes evident. Thus, the strength of the
skyrmion-defect interaction can be tuned by the modification of the magnetic properties within a
region with suitable size. Furthermore, the basic physics behind the mechanisms for pinning and for
scattering is discussed. In particular, we discover that skyrmions move towards the magnetic region
which tends to maximize its diameter; it enables the magnetic system to minimize its energy. Thus,
we are able to explain why skyrmions are either attracted or repelled by a region with modified
magnetic properties. Results here presented are of utmost significance for the development and
realization of future spintronic devices, in which skyrmions will work as information carriers.
I. INTRODUCTION
Topologically protected objects known as skyrmions
were first introduced by Skyrme in the context of particle
physics [1, 2]. From then on, the concept of these topo-
logical excitations has been extended to the condensed
matter physics, where skyrmions can be found in liquid
crystals [3, 4], Bose-Einstein condensates [5–7], supercon-
ductors [8, 9] and nanoscaled magnetic thin films [10–15].
Nanomagnets are suitable systems to investigate ex-
otic magnetic structures, such as vortices, skyrmions and
domain walls. These quasiparticles are not only rele-
vant to fundamental micromagnetism, but also enable
us to engineer spintronic devices [16, 17]. In this work
we focus on skyrmions, the information carriers that
will probably form the basis of the next generation in
data storage and logic devices [18, 19]. Initially, mag-
netic skyrmions has been experimentally observed at low
temperature and under external magnetic fields [20–26].
Nowadays, they have been stabilized at room temper-
ature without the aid of a magnetic field [27–33]. Usu-
ally skyrmions arise in magnetically ordered systems with
Dzyaloshinskii-Moriya (DM) couplings [34–38], which
can be either intrinsic in chiral magnets (for example,
compounds of transition metals with the noncentrosym-
metric B20-type structure) or induced in magnetic multi-
layer systems with broken inversion symmetry and strong
spin-orbit coupling (for example, in Co/Pt multilayers).
Indeed, skyrmions can be stabilized in the absence of DM
interactions [15, 39, 40], but it generates giant skyrmions.
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In these magnetic systems, the skyrmion sizes are typi-
cally of the same order of magnitude than the vortex
sizes (from 100 nm to 1 µm). On the other hand, in
magnetic systems in which DM interactions are signifi-
cant, the skyrmion diameters are of the order of tens of
nanometers. Unlike vortices which have a free chirality
(clockwise or anticlockwise rotation), skyrmions have a
fixed rotation sense which is specified by the sign of the
DM interaction parameter. Importantly, several works
refer to this structural property of the skyrmion as helic-
ity instead of chirality [15, 41]. Furthermore, skyrmions
can occur in two types [19]: Bloch’s skyrmion (vortex-
type configuration) and Ne´el’s skyrmion (hedgehog-type
configuration). Thus, magnetically ordered systems with
DM interactions can exhibit either a single skyrmion or
a close-packed lattice of identical skyrmions.
Due to the peculiar characteristics of the skyrmions,
nanoscale sizes, topological protection, and low current
densities needed to drive them, there is a lot of inter-
est in replacing domain walls with skyrmions in spin-
tronic technologies. The overview as well as a sketch
of skyrmionic racetrack is presented in Ref. [42]. The
stability of skyrmions has been extensively investigated
and there are many ways of writing and deleting them in
magnetic nanostructures [14, 27, 41, 43–53]. Skyrmions
can be manipulated by spin-polarized currents applied in-
plane as well as perpendicular to the plane of the nanos-
tructure [14, 15, 54–60]. Unlike domain walls which are
restricted to the unidirectional movement along the nan-
otrack, skyrmions can not be driven by spin-polarized
currents without being moved away from the longest axis
of the nanotrack. As a result of the skyrmion Hall ef-
fect [15, 61], skyrmions can be accumulated or even an-
nihilated at the edges of the nanowire. The reason why
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2the skyrmions move away from the nanotrack longest axis
when applying a spin-polarized current can also be un-
derstood through Thiele approach [62, 63], which takes
into account the Magnus force [56, 64]. From the tech-
nological point of view, this is an issue to the develop-
ment of spintronic devices based on skyrmion transport
and various strategies have been planned to suppress this
undesirable phenomenon. An experimental challenge is
to find a special class of ferromagnetic materials which
presents the same value for the Gilbert damping and non-
adiabatic spin-transfer torque parameters, i.e., α = β.
In this case, there is no skyrmion Hall effect, as ob-
served in micromagnetic simulations [14, 43]. Instead of
using electrical currents to control the skyrmion trans-
port, spin waves [65, 66] as well as temperature gra-
dients [67, 68] can be used to drive skyrmions in nan-
otracks. Another possibility for controlling the skyrmion
motion along the nanotrack central axis by using a spin-
polarized current is to change the magnetic medium, that
is, when replacing the ferromagnet with the antiferro-
magnet [69, 70]. Furthermore, it was reported that the
skyrmions were significantly influenced by defects in the
magnetic medium. The inhomogeneity of a material can
be intrinsic (impurities) or induced (intentionally incor-
porated imperfections). Generally, non-magnetic defects,
which distort locally the nanomagnet geometry, generate
the skyrmion pinning in the neighborhood of a hole, the
region with missing magnetic moments [71, 72]. Chap-
pert et al. [73] pioneered the located modification of the
magnetic properties by employing the ion irradiation in
magnetic thin films and multilayers, for a review see
Ref. [74]. As a result, magnetic defects can be inten-
tionally incorporated in nanomagnets in order to create
traps for vortex [75, 76], domain walls [77–79] as well
as skyrmions [80]. References [78, 79] showed that it
is possible to use focused ion beam irradiation to mod-
ify the saturation magnetization at the interface of non-
magnetic/ferromagnetic multilayers. We believe that the
intermixing of a non-magnetic metal and Permalloy, in-
duced by the Ga+ ion beam at the interface of the mul-
tilayer, is able to vary not only the saturation magneti-
zation but also other material parameters in the irradi-
ated area. In particular, the exchange stiffness constant,
since the exchange energy represents the main term in
the total energy of a ferromagnet, see [74]. Once DM
interactions are induced in ferromagnetic/heavy metal
multilayer systems with broken inversion symmetry and
strong spin-orbit coupling (for example, in Co/Pt multi-
layers), we believe the modification of the DM interaction
strength can be achieved by varying of layer thickness in
a selected region, see Refs. [81, 82].
The influence of a triangular shaped defect character-
ized by a local increase of the easy axis anisotropy has
been extensively investigated using micromagnetic simu-
lations [14, 19, 49], and it was observed that skyrmions
are repelled by this magnetic defect. It is known since
1998 that the simplest effect induced by the irradia-
tion of He+ ion in a Co/Pt multilayer is to reduce the
perpendicular anisotropy of the irradiated area [73, 80].
Not surprisingly, Fook et al. [83] observed the confine-
ment of skyrmions along of a reduced anisotropy groove
strategically located on the axis of the nanotrack. Thus,
skyrmions are attracted by a region of reduced perpen-
dicular anisotropy and can be driven by an in-plane spin-
polarized current without being drift from the direction
of the electron flow. A similar strategy using potential
barriers instead of potential wells has been proposed re-
cently [84]. In particular, the top and bottom edges of
the nanotrack were considered made of a material with a
higher perpendicular anisotropy. Another kind of mag-
netic defect, consisting in local variations of the exchange
constant, has been investigated in Refs. [85, 86]. In their
micromagnetic simulations, the authors observed pinning
center as well as obstacle for magnetic skyrmions. In pre-
vious works, our team has modeled magnetic defects as
located variations on the exchange stiffness constant and
it was observed pinning and scattering traps for both
the vortex core [87] and the domain wall [88]. In sum-
mary, we have observed that a local decrease of the ex-
change constant work as a pinning center, whereas a local
increase of the exchange constant work as a scattering
center for the quasiparticle in soft ferromagnetic materi-
als, such as Permalloy. In this work, similar mechanisms
of pinning (attractive interaction) and scattering (repul-
sive interaction) have also been observed for skyrmions
in ferromagnetic nanowires with perpendicular magnetic
anisotropy, provided that the skyrmion size is smaller
than defect size. Very recently, a study using atomistic
spin simulation investigated the interaction of skyrmions
with different kinds of atomic-scale defects [89]. The au-
thors considered magnetic moments arranged on a trian-
gular lattice, and magnetic defects having a hexagonal
geometry with typical size of the order of a few nanome-
ters (from 1 to 5 nm). Mechanisms to pin skyrmions in
a Co monolayer on Pt substrate were observed for differ-
ent kinds of magnetic defects: either a local reduction of
the exchange constant, a local increase of the strength of
the DM interaction, or a local reduction of the magnetic
anisotropy.
As we have reviewed, there are a number of works in
the literature that have investigated the skyrmion-defect
interaction. However, these works have considered de-
fects which are relatively small. Besides ensuring a poor
thermal stability around the trap, the incorporation of
small defects in magnetic nanostructures can be a chal-
lenge for current experimental techniques. Moreover, the
mechanisms behind of skyrmion pinning reported in these
works are very difficult to understand. Up to now, no
work explains why skyrmions are either attracted or re-
pelled by a region modified magnetically. Besides com-
plementing the previous studies by including the effect
of the dipolar coupling, our results indicate that it is
also possible to obtain skyrmion traps through located
variations in the saturation magnetization. Our work
system consists in Co/Pt multilayer nanowires hosting
a single skyrmion with the hedgehog configuration. In
3such ferromagnetic nanotracks, it was predicted theo-
retically [90] and was observed experimentally [27–33]
a high thermal stability. The main goal in this paper
is to investigate how skyrmions are influenced by a lo-
cated variation on the intrinsic parameters of the ferro-
magnetic nanotrack, including exchange stiffness, satu-
ration magnetization, magnetocrystalline anisotropy and
Dzyaloshinskii-Moriya constant. For this purpose, mag-
netic defects were strategically located on the nanotrack
axis and in the neighborhood of the skyrmion. In order
to demonstrate the Physics of the skyrmion-defect inter-
action, we do not consider magnetic system under the
influence of an external agent, such as magnetic fields
or spin-polarized currents. Our methodology consists in
computing energy differences by the Hamiltonian of the
system. Thus, we obtain both well and barrier potentials,
which identify, as quickly as possible, the kind of the in-
teraction that we are dealing with, either attractive or re-
pulsive. Predictions of our results are verified solving the
Landau-Lifshitz-Gilbert equation without any external
agent. Here, we answer the following question, magnetic
defects in nanowires: traps for skyrmions in spintronic
technologies?
II. MODELING AND SIMULATION DETAILS
To describe the magnetic system we have considered
exchange, Dzyaloshinskii-Moriya, perpendicular mag-
netic anisotropy and dipole-dipole interactions, included
in the following Hamiltonian:
H = −
∑
<i,j>
Jij [ mˆi · mˆj ] +
+
∑
<i,j>
Dij
[
dˆij · (mˆi × mˆj)
]
+
−
∑
i
Ki [ mˆi · nˆ ]2 +
+
∑
i,j
Mij
[
mˆi · mˆj − 3(mˆi · rˆij)(mˆj · rˆij)
(rij/a)3
]
(1)
where mˆk ≡ (mxk,myk,mzk) is a dimensionless vector, cor-
responding to the magnetic moment located at the site
k of the lattice. Once Jij > 0, the first term in Eq. (1)
describes the ferromagnetic coupling. Due to the short
range of the exchange interaction, the summation is over
the nearest magnetic moment pairs < i, j >. The second
term in Eq. (1) represents the Dzyaloshinskii-Moriya in-
teractions, where the versor dˆij depends on the type of
magnetic system considered. Dzyaloshinskii-Moriya in-
teractions originate from inversion asymmetry and large
spin-orbit coupling. In bulk materials with a lack of
spatial inversion symmetry (B20 structures), the ver-
sor of the Dzyaloshinskii-Moriya interaction is given by
dˆij = uˆij , where uˆij is unit vector joining the sites i and j
in the same layer. In this case, Bloch skyrmions (vortex-
type configuration) can be stabilized in the framework of
a classical Heisenberg spin model with Dzyaloshinskii-
Moriya interaction. On the other hand, for a mag-
netic multilayer system containing the interface between
a magnetic ultrathin layer and a strong spin-orbit cou-
pling adjacent layer, the versor of the Dzyaloshinskii-
Moriya interaction is given by dˆij = uˆij × zˆ, where
zˆ is a versor perpendicular to the multilayer surface.
These magnetic systems favor the nucleation of Ne´el
skyrmions (hedgehog-type configuration). The constant
of the Dzyaloshinskii-Moriya interaction Dij can be ei-
ther positive or negative, thus it defines the chirality
of the magnetic structure. For a vortex-like skyrmion,
Dij < 0 produces a structure with clockwise rotation,
whereas Dij > 0 produces a structure with anticlock-
wise rotation. For a hedgehog-like skyrmion, Dij < 0
produces a structure with inward radial flow, whereas
Dij > 0 produces a structure with outward radial flow.
The third term in Eq. (1) describes the uniaxial mag-
netocrystalline anisotropy, since Ki > 0 and nˆ = zˆ is a
versor perpendicular to the magnetic layer surface. The
last term in Eq. (1) represents the dipolar coupling;
due to the long range of this interaction we consider
all the dipole-dipole interactions. The strength of the
magnetic interactions, Jij , Dij , Ki, Mij have the same
dimension (energy unity) and they assume different val-
ues depending on the local variation of the material pa-
rameters: exchange stiffness constant A, Dzyaloshinskii-
Moriya constant D, magnetocrystalline anisotropy con-
stant K and saturation magnetization constant MS. In
our simulations we use the micromagnetic approach, in
which the work cell has an effective magnetic moment
~mk = (MS Vcell) mˆk. For the case in which the magnetic
system is discretized into cubic cells Vcell = a
3, the pos-
sible values for the strength of the magnetic interactions
are as follow:
Jij = 2 a
 AA′A′′ (2)
Dij = a
2
 DD′D′′ (3)
Ki = a
3
{
K
K ′′ (4)
Mij =
(
µ0 a
3
4pi
) MS MSMS M ′′SM ′′S M ′′S (5)
where A,D,K,MS are parameters of the host material.
A′′, D′′,K ′′,M ′′S are the parameters of the guest material.
4A′, D′ are parameters which describe interactions at the
interface between two ferromagnetic materials, see figures
3(a) and 4. The geometric mean is adopted for the inter-
face parameters: A′ =
√
A · A′′ and D′ = √D · D′′ in
order to allow the magnetic parameters to vary gradually.
In the simulations we chose the typical parameters for
Co/Pt multilayers, the values are as follow: exchange
stiffness constant A = 1.5 × 10−11 J/m, Dzyaloshinskii-
Moriya constant D = 4.0 × 10−3 J/m2, magnetocrys-
talline anisotropy constant K = 1.2× 106 J/m3 and sat-
uration magnetization constant MS = 5.8× 105 A/m. In
order to choose a suitable size for the work cell we esti-
mate the characteristic lengths that are relevant to the
problem: the exchange length λ =
√
2A
µ0M2S
≈ 8.42 nm,
the wall width parameter ∆ =
√
A
K
≈ 3.54 nm and the
length associated with the Dzyaloshinskii-Moriya inter-
action ξ = 2AD ≈ 7.50 nm, see Ref. [45]. The size of the
work cell used in the simulations was Vcell = 2×2×2nm3.
Once the side of the cell is smaller than the smallest char-
acteristic lengths, a = 2 nm < ∆, the chosen unit cell of
2 × 2 × 2 nm3 is accurate enough for the current study.
For the geometric parameters of the planar nanowires
we have considered the length l = 500 nm, the width
w = 60 nm and the thickness t = 2 nm, differing one to
another only in the parameters of the magnetic defect:
the local variation of the magnetic property into a region
of area S. Guest material parameters, A′′, D′′,K ′′,M ′′S
are regarded as tuning parameters to obtain traps for
the skyrmion. We have considered magnetic defects with
different areas, where S ranging from 4 to 2116 nm2, con-
taining either a local reduction or a local increase of the
magnetic properties. It is worth mentioning that local
variations of the magnetic properties were considered in-
dividually. Thus, we have studied four possible sources of
magnetic defects: Type A, Type D, Type K and Type
MS. Type A magnetic defects are those characterized
only by local variations in the exchange stiffness con-
stant (other parameters of the magnetic material were
unchanged in the region of the defect), Type D magnetic
defects are those characterized only by local variations in
the Dzyaloshinskii-Moriya constant, and so on.
The magnetization dynamics is governed by the
Landau-Lifshitz-Gilbert (LLG) equation, whose discrete
version can be written as following:
dmˆi
dτ
= − 1
1 + α2
[
mˆi ×~bi + α mˆi × (mˆi ×~bi)
]
(6)
where ~bi is the dimensionless effective field at the lattice
site i, containing individual contributions from the ex-
change, Dzyaloshinskii-Moriya, anisotropy, dipolar, and
Zeeman fields. The Gilbert damping parameter is fixed
at α = 0.3, which corresponds to a typical value for
Co/Pt multilayers. The connection between the time and
its dimensionless corresponding is given by dτ = ν dt,
where ν =
(
λ
a
)2
γ µ0MS, being γ = 1.76× 1011 (T.s)−1
the electron gyromagnetic ratio. The LLG equation was
integrated by using a fourth-order predictor-corrector
scheme with time step ∆τ = 0.01.
In order to obtain the remanent of the planar nanowire
with a single skyrmion we have chosen as initial condition
an analytical solution in which a Ne´el skyrmion is placed
exactly at the geometric center of the nanowire. If no ex-
ternal agent (magnetic field or current) were present, the
integration of the LLG equation, Eq. (6), leads the mag-
netic system to the minimum energy configuration. This
makes possible the adjustment not only of the skyrmion
radius but also its out-of-plane magnetization. The equi-
librium configuration obtained in this way has been used
as initial configuration in other simulations where a mag-
netic defect was inserted into the nanowire. To calculate
the interaction energy U(s) between the skyrmion and
the magnetic defect as a function of the center-to-center
separation s, we have fixed the skyrmion at the center
of the nanowire and only varied the defect position along
the nanowire axis, see Fig. (4). For each separation s, the
total energy E(s) of the system was calculated using the
Eq. (1), and the interaction energy has been estimated
using the following expression:
U(s) = E(s)− E(s→∞) (7)
After computing the interaction energy between the
skyrmion and the magnetic defect, we investigate how
magnetic defects affect the dynamics of the skyrmion
when integrating the LLG equation, Eq. (6), with zero
external agent.
III. RESULTS AND DISCUSSION
A. Nanotracks made of a single magnetic material
We start our study obtaining the configuration of an
isolated skyrmion in a planar nanowire. After the ini-
tial configuration was relaxed by the integration of the
LLG equation we obtain skyrmions with different sizes,
see Fig. (1). The skyrmion diameter is defined as the
circle diameter at which the perpendicular magnetiza-
tion changes of sign (mz = 0). When comparing your
results with those of a previous study [14], one can verify
that they agreed with each other. If the magnetic nanos-
tructure is large enough to host the skyrmion without
it being deformed, one can note that the skyrmion di-
ameter does not depend on the dimensions of the nanos-
tructure. In this regime, the skyrmion diameter only de-
pends on the parameters of the magnetic medium. The
dependence of the skyrmion diameter and the magnetic
properties of the medium is shown in Fig. (2). Our
results for the skyrmion diameter as a function of the
interaction strength of Dzyaloshinskii-Moriya and per-
pendicular anisotropy are consistent with those reported
5in Ref. [49]. In our study we fit exponential behaviors
for all magnetic parameters. The skyrmion diameter de-
creases exponentially with the strength of the parameters
exchange stiffness and perpendicular anisotropy, whereas
it increases exponentially with the strength of the pa-
rameters Dzyaloshinskii-Moriya and saturation magneti-
zation. The dependence of the skyrmion size on magnetic
properties of the medium can be understood by compe-
tition between exchange, Dzyaloshinskii-Moriya, perpen-
dicular anisotropy and dipolar energies. We observe the
ferromagnetic state for large values of A and K, thus,
the skyrmion diameter decreases gradually until it dis-
appears. Therefore, the ferromagnetic alignment is fa-
vored by increasing of A and K, so that the skyrmion
diameter decreases by increasing these parameters. We
observe the ferromagnetic state for small values of D, so
that the skyrmion diameter enlarges by increasing the D
parameter strength. Obviously, the skyrmion shape is
distorted when its diameter is larger than the width of
the nanowire. To explain the dependence of the skyrmion
size on the saturation magnetization, we observe that the
strength of dipole-dipole interactions is directly propor-
tional to the square of the MS. Once we are dealing with
ultrathin films, the dipolar coupling originates the shape
anisotropy that work as an easy-plane anisotropy [45].
Thus, we have the exactly opposite situation of an easy-
axis anisotropy, so that the skyrmion diameter increases
by increasing the MS parameter.
B. Nanotracks made of two magnetic materials
So far we have reviewed that the balance of the mag-
netic interactions defines the skyrmion size. From now
on, we consider a planar nanowire made of two magnetic
media, as shown in Fig. 3(a). The magnetic properties of
two media are very close, being the magnetic parameters
of the medium 2 about ± 10% of magnetic parameters of
the medium 1. The skyrmion is located exactly at the
interface between two magnetic media. Using this ini-
tial condition, we numerically calculated the relaxed mi-
cromagnetic state of 60-nm-wide nanowires in zero field
for different values of the magnetic parameters of the
medium 2. Results of these simulations show that the
skyrmion is stabilized either in the medium 1 or in the
medium 2, see Fig. 3. From the results shown in fig-
ures (c), (e), (g) and (i), one can see that the magnetic
system decreases its energy by moving the skyrmion to
the medium 2, which is the region of A and K reduced
or D and MS increased. On the other hand, one can see
that the medium 2 is avoided in figures (b), (d), (f) and
(h). In these simulations, the medium 2 is the region of
A and K increased or D and MS reduced. To understand
the two distinct behaviors, that is, the skyrmion is either
attracted or repelled by the medium 2, we remember the
reader of our previous results about the balance of the
magnetic interactions, which defines the skyrmion size.
In Fig. (2), we emphasized that the skyrmion diameter
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(a) D= 3.0 ×10−3 J/m2; K = 0.9 ×106 J/m3 (b) D= 4.0 ×10−3 J/m2; K = 1.3 ×106 J/m3
(c) D= 3.0 ×10−3 J/m2; K = 0.8 ×106 J/m3 (d) D= 4.0 ×10−3 J/m2; K = 1.2 ×106 J/m3
(e) D= 3.0 ×10−3 J/m2; K = 0.7 ×106 J/m3 (f) D= 4.0 ×10−3 J/m2; K = 1.1 ×106 J/m3
Figura 1.1 – Raio do skyrmion
FIG. 1. (Color online). Equilibrium configurations of a single
skyrmion in the planar nanowire 60 nm wide as a function
of the magnetic properties of the medium. Figures (a) to (f)
were obtained using A = 1.5×10−11 J/m and MS = 5.8×105
A/m. In (a) the skyrmion diameter is d = 9.61 nm. In (b)
the skyrmion diameter is d = 10.01 nm. In (c) the skyrmion
diameter is d = 15.02nm. In (d) the skyrmion diameter is d =
13.21 nm. In (e) the skyrmion diameter is d = 22.02 nm. In
(f) the skyrmion diameter is d = 17.62 nm. Unless otherwise
stated, the skyrmion of figure (d) was used in most of our
simulations.
is reduced by increasing of the exchange and perpendic-
ular anisotropy parameters, whereas it is increased by
increasing of the Dzyaloshinskii-Moriya and saturation
magnetization constants. Thus, we can summarize the
results of the Fig. (3) saying that the skyrmion prefers
the magnetic region which enlarges its diameter, because
it not only minimizes the system energy, but also ensures
the skyrmion survival. In other words, the system energy
increases as the skyrmion diameter decreases. Once the
skyrmion can disappear collapsing to the ferromagnetic
state, the skyrmion avoids the magnetic region which
tends to shrink its size.
C. Nanotracks with a single magnetic defect
Now we investigate the possibility of building traps for
magnetic skyrmions. As shown in Fig. (4), a trap con-
sists in a magnetic defect incorporated into the nanos-
tructure which hosts the skyrmion. Our study of the
defect-skyrmion interaction revealed two kinds of traps.
In a pinning trap, the skyrmion core moves towards the
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Saturation magnetization constant, Ms (10
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(d)
Figura 1.1 – global variation - skyrmion diameter - Crop 20 15 10 49
FIG. 2. (Color online). Skyrmion diameter as a function of
the magnetic properties of the medium: (a) exchange stiff-
ness constant, (b) Dzyaloshinskii-Moriya constant, (c) per-
pendicular anisotropy constant and (d) saturation magne-
tization constant. We fit exponential behaviors. In (a)
d(A) = d0,A + d1,A e
−(A/A0), where d0,A = 6.415 nm,
d1,A = 320.685 nm and A0 = 0.387 × 10−11 J/m. In (b)
d(D) = d0,D + d1,D e
(D/D0), where d0,D = −1.646 nm,
d1,D = 0.245 nm and D0 = 0.976 × 10−3 J/m2. In (c)
d(K) = d0,K + d1,K e
−(K/K0), where d0,K = 2.934 nm,
d1,K = 736.457 nm and K0 = 0.281 × 106 J/m3. In (d)
d(Ms) = d0,Ms + d1,Ms e
(Ms/Ms0), where d0,Ms = 5.260 nm,
d1,Ms = 0.739 nm and Ms0 = 2.444× 105 A/m.
magnetic defect, indicating an effective attractive poten-
tial of interaction between the skyrmion and the mag-
netic defect (potential well). In a scattering trap, the
skyrmion core moves away from the magnetic defect,
indicating an effective repulsive potential of interaction
between the skyrmion and the magnetic defect (poten-
tial barrier). Figures (5), (6), (7), (8) show that both
pinning and scattering traps can be individually origi-
nated by the local variation of A,D,K,MS, respectively.
From these figures, one can note that potential wells and
potential barriers arise naturally as the defect size in-
creases. Thus, magnetic defects large enough relative to
the skyrmion size can be used as traps, either to pin or to
scatter skyrmions. One can see that the interaction po-
tential changes its shape for some critical size of the mag-
netic defect. When the defects are small, the strength of
the skyrmion-defect interaction is very weak. Besides,
in these cases, the interaction depends on the skyrmion-
defect separation. Therefore, the skyrmion-defect aspect
ratio (that is, the ratio of sizes) is a crucial parameter to
design traps for skyrmions. In particular, the efficiency
of the trap is compromised if the defect size is smaller
than the skyrmion size.
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Medium 1: A, D, K and M
s
Medium 2: A'', D'', K'' and M
s
''
Interface: A' and D'
(a) Initial condition: the skyrmion is located at the interface between two magnetic media
(b) A�� > A; D�� = D; K�� = K; M��S =MS (c) A�� < A; D�� = D; K�� = K; M��S =MS
(d) A�� = A; D�� < D; K�� = K; M��S =MS (e) A�� = A; D�� > D; K�� = K; M��S =MS
(f) A�� = A; D�� = D; K�� > K; M��S =MS (g) A�� = A; D�� = D; K�� < K; M��S =MS
(h) A�� = A; D�� = D; K�� = K; M��S <MS (i) A�� = A; D�� = D; K�� = K; M��S >MS
Figura 1.2 – Skyrmion at an interface Crop 20 15 13 12
FIG. 3. (Color online). (a) Schematic view shows a piece
the magnetic nanowire, which contains the skyrmion located
at the interface between two magnetic media. At the left
side of the nanowire is the medium 1 characterized by the
magnetic parameters: A,D,K,MS and at the right side of
the nanowire is the medium 2 characterized by the magnetic
parameters: A′′, D′′,K′′,M ′′S . Using this configuration as ini-
tial condition, we integrate the LLG equation and obtain the
final configurations shown in figures (b) to (i), which show
that the skyrmion choose a medium. In figures (b) and (c)
the medium 2 differs from medium 1 only in the exchange
stiffness constant, A′′ = 1.1 A and A′′ = 0.9 A, respectively.
In figures (d) and (e) the medium 2 differs from medium 1
only in the Dzyaloshinskii-Moriya constant, D′′ = 0.9 D and
D′′ = 1.1 D, respectively. In figures (f) and (g) the medium
2 differs from medium 1 only in the perpendicular anisotropy
constant, K′′ = 1.1 K and K′′ = 0.9 K, respectively. In fig-
ures (h) and (i) the medium 2 differs from medium 1 only
in the saturation magnetization constant, M ′′S = 0.9 MS and
M ′′S = 1.1MS, respectively. Figures (b), (d), (f) and (h) show
that the skyrmion moves to the medium 1, thus, it is repelled
by the medium 2. On the other hand, figures (c), (e), (g) and
(i) show that the skyrmion moves to the medium 2, thus, it
is attracted by the medium 2.
7FIG. 4. (Color online). Schematic view shows a piece the
magnetic nanowire, which contains the skyrmion and the
magnetic defect. The magnetic defect consists in the local
variation of the magnetic properties in the area represented
by the blue spots. The majority of the wire’s magnetic mo-
ments is going out of the plane of this figure except at the
core of the skyrmion, where they are pointing in the oppo-
site direction (red region). The center-to-center separation
between the skyrmion and the magnetic defect is s = 60 nm.
The magnetic defect has an area of 196 nm2.
In order to systematically understand the skyrmion-
defect interaction, we define U0 = U(s = 0) which mea-
sures the strength of the interaction, that is, the maxi-
mum value or the minimum value of U . If U0 > 0, then
the maximum value U0 represents the height of the poten-
tial barrier, whereas if U0 < 0, then the minimum value
|U0| represents the depth of the potential well. As shown
in Figs. (9), (10) and (11), the strength of the skyrmion-
defect interaction depends on the local variations of the
magnetic property as well as on the skyrmion-defect as-
pect ratio. In particular, from figures (10) and (11), one
can see that the strength of the interaction increases not
only by increasing of the area of the magnetic defect,
but also by increasing of the skyrmion size. Thus, the
strength of the skyrmion-defect interaction can be tuned
by the modification of the magnetic properties within a
region with suitable size. It is notably that the efficiency
of the trap is improved as the skyrmion size becomes
much smaller than the defect size.
In Table (I) we summarize four distinct ways to build
traps for pinning and scattering magnetic skyrmions. Al-
though the discussions have been held with the Ne´el
skyrmion, we would like to emphasize that the qualita-
tive results of the Table (I) remain unchanged for Bloch
skyrmions; it has been checked through micromagnetic
simulations. Moreover, we have verified that the re-
sults remain essentially the same for both chirality of
the skyrmion (D > 0 and D < 0).
Now we verify the predictions of the figure (5) through
micromagnetic simulations, see figures (12) and (13). By
considering a magnetic defect with a suitable size, we
show that the skyrmion can be either attracted by a re-
duced A region or repelled by an increased A region. Al-
though the results presented in figures (12) and (13) are
for the case of Type Amagnetic defects, we have observed
similar results (both pinning and scattering traps) for
other types of magnetic defects which were approached
in this work, see Table (I).
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Figura 1.8 – AFIG. 5. (Color online). Local variations in the exchange stiff-
ness constant: Type A magnetic defects. Figures (a) and (b)
show the interaction energy between the skyrmion and the
magnetic defect as a function of the center-to-center separa-
tion. In Fig. (a) is shown a local reduction of 30% in A,
whereas in Fig. (b) is shown a local increase of 30% in A.
The behavior is shown for different areas of a type A mag-
netic defect.
TABLE I. Two types of traps for magnetic skyrmions can
be originated in located variations of the magnetic properties
when tuning either a local increase (X ′′ > X) or a local
reduction (X ′′ < X), where X can be A,D,K or MS. A
pinning trap corresponds to a potential well for the skyrmion,
whereas a scattering trap corresponds to a potential barrier.
Magnetic Property
Pinning
Trap
Scattering
Trap
exchange stiffness A′′ < A A′′ > A
Dzyaloshinskii-Moriya constant D′′ > D D′′ < D
perpendicular anisotropy K′′ < K K′′ > K
saturation magnetization M ′′S > MS M
′′
S < MS
It is also interesting to discuss the influence of the de-
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Figura 1.9 – DMFIG. 6. (Color online). Loc l variations in the constant of the
Dzyaloshinskii-Moriya interaction: Type D magnetic defects.
Figures (a) and (b) show the interaction energy between the
skyrmion and the magnetic defect as a function of the center-
to-center separation. In Fig. (a) is shown a local reduction
of 30% in D, whereas in Fig. (b) is shown a local increase of
30% in D. The behavior is shown for different areas of a type
D magnetic defect.
fect size on the magnitude of the skyrmion-defect inter-
action. As shown in figures (5), (6), (7) and (8), the
interaction potential can present a double-well potential
(or double-barrier potential) instead of a single poten-
tial well (or a single potential barrier). Particularly, this
situation occurs whenever the defect is smaller than the
skyrmion and the interaction between them is extremely
weak. Besides, micromagnetic simulations show that the
skyrmion pinning due to a double-well potential gener-
ates a pinning center which does not coincide with the
defect center.
From the technological point of view, the reader can
wonder whether magnetic defects considered in this work
would work as traps for skyrmions in a nanotrack at room
temperature? By analyzing our results for skyrmion-
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Figura 1.10 – KFIG. 7. (Color online). Local Variations in the perpendicular
magnetic anisotropy: Type K magnetic defects. Figures (a)
and (b) show the interaction energy between the skyrmion
and the magnetic defect as a function of the center-to-center
separation. In Fig. (a) is shown a local reduction of 30%
in K, whereas in Fig. (b) is shown a local increase of 30%
in K. The behavior is shown for different areas of a type K
magnetic defect.
defect interaction energy, one can see that the heights
of the potential barriers as well as the depths of the po-
tential wells depend strongly on the type of defect be-
ing considered, on the strength of the modified magnetic
property, and on the defect size (skyrmion-defect aspect
ratio). Thus, characteristics of trap can be experimen-
tally controlled. For instance, the skyrmion-defect in-
teraction strength can be tuned in one or more order
of magnitude larger than the thermal energy, that is,
E thermal ∼ 10−21[J] ∼ kB Troom.
It is worth mentioning that the region with modi-
fied magnetic properties can be designed to present a
single or a combination of tuned magnetic parameters.
The balance of the magnetic defect parameters will be
responsible for adjusting a proper trap, either to cap-
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Figura 1.11 – MsFIG. 8. (Color online). Local Variation in the saturation
magnetization: Type MS magnetic defects. Figures (a) and
(b) show the interaction energy between the skyrmion and
the magnetic defect as a function of the center-to-center sep-
aration. In Fig. (a) is shown a local reduction of 30% in
MS, whereas in Fig. (b) is shown a local increase of 30% in
MS. The behavior is shown for different areas of a type MS
magnetic defect.
ture or to blockade the skyrmions. Thus, the kind of
the trap depends on the suitable choice which mate-
rial parameters will be modified within the selected area.
Maybe, the affected region by ion beam irradiation con-
tains more than one modified magnetic property. How-
ever, the magnitude of the affected magnetic parameters
will not be the same; they can differ even in the order
of magnitude. From Figs. (5), (6), (7) and (8), one can
see that the individual contribution of the magnetic pa-
rameter A,D, and K are of the same magnitude order
(∼ 10 2 E thermal), whereas the MS parameter modifi-
cation results in the weakest skyrmion-defect interaction
(∼ 10E thermal). Our results could guide the design of ex-
perimental works that intend to investigate the realistic
incorporation of such magnetic defects into nanomagnets.
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Figura 1.1 – Modification - Uo X Crop 20 15 10 49
FIG. 9. (Color online). Interaction energy U0 as a function
of a local variation in the magnetic properties. The behav-
ior is shown for different types of magnetic defects. Linear
and quadratic dependencies of the skyrmion-defect interac-
tion with the located magnetic modifications do not surprise,
once the same dependencies are presents in the strength of
the magnetic interactions, it can be confirmed in Eqs. (2),
(3), (4) and (5).
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Figura 1.6 – Crop 20 15 10 49
FIG. 10. (Color online). Interaction energy U0 = U(s = 0)
as a function of the defect area S. The behavior is shown for
different types of magnetic defects. Exponential behaviors
have been fitted for all types of defects. The missing points
in the curves for defects of small areas represent the situa-
tion in which the graph of the interaction potential does not
correspond neither a potential well nor a potential barrier.
As has been mentioned previously, the traps do not work for
magnetic defect of small areas.
10
24
In
te
ra
ct
io
n
 e
n
e
rg
y
, U
0
 (
x
1
0
-
2
1
 J
)
−600
−400
−200
0
200
400
600
 
Area of the magnetic defect, S (nm²)
0 800 1,600 2,400 3,200 4,000
d = 17.62 nm; A'' = 1.5 A
d = 13.21 nm; A'' = 1.5 A
d = 10.01 nm; A'' = 1.5 A
d = 17.62 nm; A'' = 0.5 A
d = 13.21 nm; A'' = 0.5 A
d = 10.01 nm; A'' = 0.5 A
(a) Type A magnetic defects
In
te
ra
ct
io
n
 e
n
e
rg
y
, U
0
 (
x
1
0
-
2
1
 J
)
−800
−600
−400
−200
0
200
400
600
800
 
Area of the magnetic defect, S (nm²)
0 800 1,600 2,400 3,200 4,000
d = 17.62 nm; D'' = 1.5 D
d = 13.21 nm; D'' = 1.5 D
d = 10.01 nm; D'' = 1.5 D
d = 17.62 nm; D'' = 0.5 D
d = 13.21 nm; D'' = 0.5 D
d = 10.01 nm; D'' = 0.5 D
(b) Type D magnetic defects
In
te
ra
ct
io
n
 e
n
e
rg
y
, U
0
 (
x
1
0
-
2
1
 J
)
−600
−400
−200
0
200
400
600
 
Area of the magnetic defect, S (nm²)
0 800 1,600 2,400 3,200 4,000
d = 17.62 nm; K'' = 1.5 K
d = 13.21 nm; K'' = 1.5 K
d = 10.01 nm; K'' = 1.5 K
d = 17.62 nm; K'' = 0.5 K
d = 13.21 nm; K'' = 0.5 K
d = 10.01 nm; K'' = 0.5 K
(c) Type K magnetic defects
In
te
ra
ct
io
n
 e
n
e
rg
y
, U
0
 (
x
1
0
-
2
1
 J
)
−250
−200
−150
−100
−50
0
50
100
150
 
Area of the magnetic defect, S (nm²)
0 800 1,600 2,400 3,200 4,000
d = 17.62 nm; Ms'' = 1.5 Ms
d = 13.21 nm; Ms'' = 1.5 Ms
d = 10.01 nm; Ms'' = 1.5 Ms
d = 17.62 nm; Ms'' = 0.5 Ms
d = 13.21 nm; Ms'' = 0.5 Ms
d = 10.01 nm; Ms'' = 0.5 Ms
(d) Type MS magnetic defects
Figura 1.7 – Crop 20 15 10 49
FIG. 11. (Color online). Interaction energy U0 as a function of
the defect area S and the skyrmion diameter d. The behavior
is shown for different types of magnetic defects. The missing
points in the curves for defects of small areas represent the
situation in which the graph of the interaction potential does
not correspond neither a potential well nor a potential barrier.
As has been mentioned previously, the traps do not work for
magnetic defect of small areas.
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(a) t = 0
(b) t = 210ps
(c) t = 438ps
Figura 7.1 – Successive snapshots show the skyrmion being attracted by a pinning trap, which is cha-
racterized by a local reduction in the exchange stiffness constant A�� = 0.7A (a local re-
duction of 30 % in A) into an area of 196 nm2. (a) Initial configuration at t = 0, where the
center-to-center separation between the skyrmion and the magnetic defect is 20 nm. (b)
Configuration after 210 ps. (c) Configuration after 438 ps, where the skyrmion is captured
by the pinning trap.
FIG. 12. (Color online). Effect of a pinning trap. Successive
snapshots show the skyrmion being attracted by a trap, which
is characterized by a local reduction in the exchange stiffness
constant A′′ = 0.7 A (a local reduction of 30 % in A) into
an area of 196 nm 2. (a) Initial configuration at t = 0, where
the center-to-center separation between the skyrmion and the
magnetic defect is 20 nm. (b) Configuration after 210 ps. (c)
Configuration after 438 ps, where the skyrmion is captured
by the pinning trap.
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(a) t = 0
(b) t = 210ps
(c) t = 438ps
Figura 7.2 – Successive snapshots show the skyrmion being repulsed by a scattering trap, which is
characterized by a local increase in the exchange stiffness constant A�� = 1.3A (a local
increase of 30 % in A) into an area of 196 nm2. (a) Initial configuration at t = 0, where
the center-to-center separation between the skyrmion and the magnetic defect is 14 nm.
(b) Configuration after 210 ps. (c) Configuration after 438 ps.
FIG. 13. (Color online). Effect of a scattering trap. Succes-
sive snapshots show the skyrmion being repelled by a trap,
which is characterized by a local increase in the exchange stiff-
ness constant A′′ = 1.3A (a local increase of 30 % in A) into
an area of 196 nm 2. (a) Initial configuration at t = 0, where
the center-to-center separation between the skyrmion and the
magnetic defect is 14 nm. (b) Configuration after 210 ps. (c)
Configuration after 438 ps.
IV. CONCLUSION
Generally, the interaction between a skyrmion and a
magnetic defect is difficult of being observed because of
two very simple reasons: (1) Skyrmions are topologically
protected entities. Thus, these quasiparticles have a kind
of shield, which hinders the skyrmion interaction with
inhomogeneities of the magnetic medium. Ultimately,
due to the topological protection of the skyrmion, the
skyrmion-defect interaction is weak by nature. (2) Up
to now, most of the theoretical and computational works
has considered magnetic defects with very small sizes.
Besides masking the skyrmion-defect interaction, the in-
corporation of small defects in nanomagnets can be a
challenge for current experimental techniques.
In this work, we show that the skyrmion-defect inter-
action becomes evident as the defect size increases. Both
attractive and repulsive interactions have been observed
whenever the defect size was larger than the skyrmion
size. Therefore, traps for magnetic skyrmions can be cre-
ated through magnetic defects with sizes large enough.
Indeed, we conclude that the skyrmion-defect aspect ra-
tio is a crucial parameter to build traps for skyrmions,
which can be captured or blocked around a magnetic
defect intentionally incorporated into the nanomagnet.
Magnetic defects have been modeled as located varia-
tions on the material parameters, such as A,D,K,MS.
Through micromagnetic simulations we show that any of
11
these material parameters can be used to create both pin-
ning and scattering traps by tuning either a local increase
or a local decrease of a given magnetic property. In or-
der to provide a background for experimental studies, we
have varied the parameters of the magnetic defects. In
contrast to previous studies on the skyrmion-defect inter-
action, we consider the effect of the full dipolar coupling.
All the possibilities for a skyrmion trap were investigated
and they are summarized in Table (I). Furthermore, we
understand the basic physics behind the mechanisms for
pinning and for scattering magnetic skyrmions, that is,
skyrmions move towards the magnetic region which tends
to maximize its diameter. It enables the magnetic system
to minimize its energy. Thus, we are able to explain why
skyrmions are either attracted or repelled by a region
with modified magnetic properties.
We believe that it is possible to engineer magnetic de-
fects working as skyrmion traps, and we are hoping for
this paper encourages future experimental works to in-
vestigate the skyrmion-defect interaction as well as to
verify our predictions. As we emphasized, the magnetic
defect size must be large enough relative to the skyrmion
size, somehow, it facilitates the realistic incorporation of
such magnetic defects into nanomagnets.
Understanding and controlling the static properties
and dynamics of skyrmions in magnetic nanostructures
is of utmost significance for the development and real-
ization of future spintronic devices. Although the re-
sults presented here are for a very simple distribution of
magnetic defects into a ferromagnetic nanotrack, we be-
lieve their consequences can be planned and extended.
For instance, a nanotrack containing a proper distribu-
tion of magnetic defects can be designed to solve the
issue of transporting skyrmions in a usual ferromagnetic
nanowire.
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